Purpose: Multidrug resistance (MDR) and the subsequent disease relapse are the major causes of childhood acute lymphoblastic leukemia (ALL) related death. The Hedgehog (Hh) signaling pathway can contribute to cancer MDR. In the current study, Smoothened (Smo) was selected as the experimental target due to its importance in the Hh pathway in order to evaluate its probable role in pediatric B-ALL drug resistance. Patients and methods: The study included 27 pediatric B-ALL and 16 control bone marrow samples. Quantitative RT-PCR was used to investigate the expression levels of Smo and miR-326 as the key players of the Hh pathway. Western blot analysis was performed. The presence of minimal residual disease was studied using PCR-SSCP. The association between Smo expression and drug resistance was analyzed statistically. Results: Results showed a significant increase in the Smo expression levels in drug-resistant patients in comparison with drug-sensitive children with B-ALL (P=0.0128, AUC=0.82). A considerable negative association between miR-326 and Smo expression levels was identified (r=−0.624, P=0.002). A binomial test confirmed the regulatory role of miR-326 on the translational repression of Smo (P=0.031). Statistics showed no association between Smo and ABCA2 expression levels. However, a significant positive correlation was observed between the Smo and ABCA3 transcripts in the resistant ALL children (r=0.607, P=0.016). Conclusion: Data revealed the possible oncogenic impact of Smo on leukemogenesis and drug resistance in pediatric B-ALL. Upregulation of Smo was introduced, for the first time, as a prognostic factor for drug resistance in childhood B-ALL. To the best of our knowledge, this is the first study that shows a positive correlation between Smo and ABCA3 expression levels in pediatric B-ALL, explaining a possible mechanism for the development of drug resistance in this cancer. Moreover, the current project revealed a negative modulatory effect of miR-326 on the expression levels of Smo.
Introduction
Acute lymphoblastic leukemia (ALL) is known as the most prevalent hematological malignancy in children under 15 years of age, where the B-cell lineage subtype is most common. 1 Despite recent progress in the development of efficient treatments, disease relapse remains the major cause of childhood cancer-related death. 2, 3 This relapse is a result of resistance against chemotherapeutic regimens, which is often related to the dysregulation of genes associated with multidrug resistance (MDR). 4 One of the most important mechanisms underlying MDR is the increased expression of adenosine triphosphate (ATP)-binding cassette (ABC) transporters which leads to an increase in the efflux of various anti-cancer drugs from cancer cells, resulting in chemotherapy failure. 5, 6 Hedgehog (Hh) is a conserved developmental signaling pathway with a key regulatory function in embryonic patterning and adult tissue homeostasis, which is of importance in primitive and adult hematopoiesis. 7, 8 Hh signaling can be initiated by the binding of Hh protein ligands (Sonic, Indian, and Desert) to the cell surface receptor Patched (Ptch). 9 This binding releases inhibitors of another transmembrane protein called Smoothened (Smo), a signal transducer, which eventually results in the activation and nuclear translocation of Gli transcription factors (Gli 1, Gli 2, and Gli 3) at target promoters. 7, 9 This process transactivates Hh responsive genes, including Gli 1, Ptch 1, Cyclin D, Bcl-2, and some other genes associated with stem cell differentiation, such as Sox 2, Oct 4, Bmi 1, and Nanog. 10, 11, 12 Aberrant activation of the pathway is observed in a wide range of human cancers, including glioblastoma, basal cell carcinoma (BCC), chronic myeloid leukemia (CML), and multiple myeloma (MM). [13] [14] [15] It has been described that dysregulation of Hh signaling in some cancers may be due to the overexpression of Smo, the key signal transducer involved in this pathway, which can result in Gli activation and subsequent contributions to various aspects of oncogenesis such as maintenance of cancer stem cells (CSCs) and drug resistance. 11, 16 MicroRNAs (miRNAs) are a large family of singlestranded non-coding small RNAs in their mature form. 17, 18 They can interact with their complementary target sequence within the 3ʹ untranslated region (3ʹ-UTR) of mRNA and regulate gene expression by translational repression or degradation of the target mRNA. 19, 20 MiRNAs play key roles in modulating various fundamental, physiological, and biological processes in normal cells. 21, 22 However, dysregulation of these tiny, small transcripts may contribute to cancer. 20, 21 In our previous study, miR-326 was introduced as a tumor-suppressor gene which is downregulated in children with ALL and ALL drug resistance. 23 As the Hh signaling pathway can lead to the maintenance of stemness signatures through targeting pluripotency and drug resistance-related genes, we selected Smo as our experimental target because of its importance in this pathway. To the best of our knowledge, this is the first study through which we verified the upregulation of the signal transducer Smo in patients with B-ALL and those who were resistant to chemotherapy. Subsequently, we confirmed the significant negative correlation between the increased expression levels of Smo and decreased concentrations of miR-326. Furthermore, we unveiled the probable regulatory role of Smo on ABCA3 expression as a probable target of the Hh pathway and involved gene in drug resistance.
Materials and methods

Patients and control samples
The study included 27 pediatric B-ALL and 16 non-cancer control bone marrow samples, obtained from children referred to Sayed-ol-Shohada Hospital (Isfahan, Iran) during a two-year period, from 2014 to 2015. The study was conducted in accordance with the Declaration of Helsinki, and permitted by the Ethics Committee of the University of Isfahan (agreement number IR.UI.REC.1397.151). Informed written consents were obtained from the children's parents prior to participation in the study. B-cell acute lymphoblastic leukemia was diagnosed clinically and confirmed pathologically. Nineteen patients were newly diagnosed and 8 patients were administered to the hospital during the period of the study and diagnosed with ALL relapse. Controls were individuals with no evidence of cancer. About 2-5 mL of heparinized bone marrow samples were collected from B-ALL patients and controls for further analysis. Mononuclear cell separation was performed by sedimentation on lymphoprep density gradients (Axis Shailed Diagnostics Ltd., Oslo, Norway), according to the manufacturer recommended protocol.
RNA extraction and cDNA synthesis
In accordance with the manufacturer's instructions, total RNA was extracted using TRizol reagent (Ambion, Carlsbad, CA) and treated with RNase-free DNase (Fermentas, Vilnius, Lithuania). Then, 2 μg of total RNA was used for cDNA synthesis, utilizing the PrimeScriptTM RT reagent kit (Takara, Shiga, Japan) with random hexamers and oligo dT primers. The reverse transcription reaction was carried out at 37°C for 15 mins and followed by reverse transcriptase enzyme inactivation at 85°C for 5 s. The obtained cDNA was stored at −20°C for further analysis.
Real-time PCR analysis
To quantify gene expression, qRT-PCR reactions were performed using ExiLENT SYBR Green master mix using Chromo4TM system (Bio-Rad, Foster City, California), as per the manufacturer's instructions. The expression levels were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression as an endogenous control. Thermal cycling was performed using the following cycling conditions: 95°C pre-denaturation for 5 mins followed by 95°C denaturation for 20 s, 60°C annealing for 30 s, and 72°C extension for 30 s. The samples were run in triplicates. The relative expression was measured and reported using the 2 −ΔΔCt method. To confirm the presence of the Smo primers, blasting pre-used primers in bone marrow and UCSC database were exploited and then primers were double-checked with gel electrophoresis. The sequences of the primers are shown in Table 1 . 
Response to chemotherapy
Western blot analysis
To investigate the potential role of the Smo protein on drug resistance, patients were divided into two groups of resistant (MDR) and sensitive (MRD-), and Western blot analysis was performed on the derived samples. Total protein was extracted from cells using a lysis buffer. Bradford protein assay was performed as previously described, 4 and samples with enough concentrations of protein (11 MDR and 7 MRD-) were subjected to electrophoresis on 10% SDS-PAGE, and then transferred from the gel to a polyvinylidene difluoride (PVDF) membrane. Non-specific sites on the membrane were blocked with 10% skim milk at room temperature for 1 hr. The membrane was then incubated with primary antibody for Smo (1:200 Santa Cruz Biotechnology, CA) at 4°C overnight. B-Actin monoclonal antibody (Santa Cruz Biotechnology, CA) was used as the loading control. After three washes, the membrane was incubated with secondary anti-mouse IgG HRP (1:1,000, Santa Cruz Biotechnology, CA) at room temperature for 1 hr. Finally, proteins were detected on sensitive radiology films in a darkroom using ECL solution (Amersham, Piscataway, New Jersey).
Statistical analysis
All statistical analyses were performed using SPSS23.0 and GraphPad Prism7 softwares. The Kolmogorov-Smirnov normality test (KS test) and Shapiro-Wilk test were applied to evaluate the normality of data distribution. Comparisons of the data from each group with the control were carried out to assess the statistical significance of the difference by Kruskal-Wallis, Mann-Whitney, and Binomial nonparametric test. The receiver operating characteristic (ROC) curves and the area under the ROC (AUC) were depicted to evaluate the specificity and sensitivity of Smo as a diagnostic and/or prognostic biomarker for B-ALL. The correlation between parameters was analyzed through a Spearman's coefficient calculation. All data were expressed as mean ±standard error of mean (SEM). P-values equal to or less than 0.05 were considered to be statistically significant.
Results
Nineteen bone marrow samples from de novo non-Philadelphia-positive B-ALL children <12 years of age, comprising 8 MRD+ and 11 MRD-patients, were entered into the study and compared with 16 bone marrow samples from individuals (including 9 males and 7 females) with Smo was highly expressed in pediatric B-ALL, with a Pvalue of 0.0002 ( Figure 1A ). Then, ROC curve analysis was performed to evaluate the suitability of this oncogene for discriminating between ALL individuals and non-cancer controls. The total area of 0.84 under the curve (AUC) proved the effectiveness and accuracy of this measurement ( Figure 1B ). It demonstrated that the Smo expression level could serve as a biomarker to distinguish between B-ALL patients and controls (P=0.0007).
Prognostic significance of Smo expression in pediatric B-ALL
To Figure 2A ). Using ROC curve analysis, the AUC of 0.82 introduced the cellular Smo levels as a negative prognostic biomarker with a predictive ability to discriminate the MDR group from the MRD-patients (P=0.0117) ( Figure 2B ).
Western blotting to investigate the correlation between MDR and the protein expression levels of Smo
Western blot analysis was performed on the available samples of two groups of drug-resistant and drug-sensitive Figure 3 ). Interestingly, all those samples belonged to the leukemic patients with MDR to chemotherapy (Table 3 ).
In the next step, to examine the possible role of miR-326 in regulating the Smo transcripts, resulting in the observed adverse gene protein levels, a non-parametric binomial test was performed. Samples were divided into two groups: a group with an inverse correlation between miR-326 and Smo mRNA expression levels ( Table 4 , group 1) and a group with a direct correlation between the miRNA and Smo transcript levels ( Table 4 , group 2). The P-value of 0.031 suggests that samples distribution between the abovementioned groups is significantly different so that the first group with the higher frequency of 78% demonstrates the characteristics of the statistical study population.
Downregulation of miR-326 and upregulation of Smo in drug-resistant pediatric B-ALL
In accordance with our previous study, significant downregulation of miR-326 was confirmed in ALL patients compared with the non-leukemic controls. 23 To evaluate DovePress the correlation between miR-326 and the Hh signaling pathway in resistant childhood ALL, statistical analysis was performed with consideration to the expression levels of miR-326 and Smo as the signal transducer. As shown in Figure 4A , the expression levels of miR-326 were inversely correlated with the expression levels of Smo in leukemic patients (r=−0.68, P=0.045) ( Figure 4A ). Our data suggest that the upregulation of Hh signaling in resistant B-ALL patients could be due to the decreased expression of miR-326, and consequently, upregulation of Smo. Statistical analyses were also carried out for all the ALL children, regardless of their response to treatment. Interestingly, results showed a similar significance (r=−0.624, P=0.002) ( Figure 4B ).
Increased mRNA expression levels of ABCA3 were positively correlated with the expression levels of Smo in B-ALL children resistant to chemotherapy
A recent study by our group has determined the role of ABCA2 and ABCA3 overexpression as a poor prognostic biomarker in multidrug-resistant childhood ALL. 23 To investigate whether the Hh signaling pathway could exert its impact on childhood B-ALL drug resistance through regulating the expression of the aforementioned ABC transporters, we statistically analyzed the correlation between the mRNA expression levels of Smo and the drug efflux pumps ABCA2 and ABCA3 in drug-resistant B-ALL children. Based on a Spearman's correlation test, the expression levels of Smo and ABCA2 showed no significant association. However, a positive correlation was revealed between the expression levels of Smo and the ABCA3 transporter. (r=0.607, P=0.016) ( Figure 5 ).
Discussion
Despite recent advances in the treatment of childhood ALL, 20% of the patients still present with treatment failure and relapse. 24 For a majority of children who encounter relapse, achieving a complete remission is impossible. 3 The current study introduces a novel biomarker and a regulatory microRNA which can be implicated in new cancer therapeutic strategies. The Hh signaling pathway is likely to play a crucial role in hematopoietic system regulation, as the stimulation of the Hh ligands is necessary for hematopoiesis in the animal models with Hh deficiency. 8, 25, 26 Furthermore, activation of the Hedgehog pathway has been observed in different neoplasms, suggesting that it plays an important role in self-renewal regulation of tumor cells. 10, 11 In the current study, considering the functional role of Smo in activating the Hh pathway, we focused on the expression of this gene. Moreover, overexpression of Smo could result in the induction of the self-renewal properties of leukemic CSCs and cause subsequent drug resistance. 11, 27 In addition, the inhibition of Smo could inhibit proliferation and invasion of cancer cells and enhance sensitivity to chemotherapy. 28, 29 Results of this study revealed, for the first time, a significant overexpression of Smo at the onset of disease, indicating its potential role as an oncogene in pediatric B-ALL (de novo patients in comparison with control group, P=0.0002). In addition, the area under the ROC curve (0.84) indicated a high specificity and sensitivity of Smo expression levels for discriminating between children with B-ALL and non-cancer individuals (P=0.0007). On the other hand, our findings showed a significant increase in the mRNA expression levels of Smo in drug-resistant patients in comparison with drugsensitive children with B-ALL (P=0.0128). We also evaluated the specificity and sensitivity of Smo's impact on drug resistance using ROC curve analysis, which yielded an AUC of 0.82 in discriminating the drug-resistant group (including MRD+ and relapsed patients) from the MRD-ALLs (P=0.0117). The larger total area under the curve (AUC) value indicated a better overall performance of the medical test in correctly distinguishing between the two situations of resistance or sensitivity to chemotherapy drugs. Accordingly, it could be hypothesized that Smo might have a prognostic role in children with B-ALL.
In the next step, to investigate the correlation between drug resistance and Smo expression at protein levels, samples were divided into two different categories of drug-resistant and drug-sensitive patients. Subsequently, Western blotting was performed on the samples with enough number of cells pertaining to the two aforementioned groups. It is worth mentioning that all samples without the overexpression of Smo at protein levels, regardless of their mRNA expression levels, belonged to the MRD-patients. Furthermore, a total number of 4 patients showed upregulation of Smo at both mRNA and protein levels. Interestingly, all these patients were multidrug resistant to the ALL treatment and belonged to the MDR group. These data indicated the possible role of Smo in poor response to treatment in B-ALL. Regarding the patients with Smo overexpression at mRNA but not protein levels, the possible impact of miR-326 on the translational repression of Smo was investigated using a non-parametric binomial test. The rationale in selecting miR-326 in this context was based on the results of our previous study demonstrating the role of miR-326 in leukemogenesis as a tumor-suppressor, as well as its negative impact on MDR in children with ALL. 23 As shown in Table 4 , the P-value of 0.031 suggested that among the 18 available cases for Western blotting, samples distribution between the first group (including patients with inverse correlation between miR-326 and Smo mRNA expression levels and the second group containing patients with direct correlation of the aforementioned genes) was significantly different. Therefore, group one with the highest frequency (78%) demonstrated the characteristic of the statistical study population. These results could be considered as confirming evidence for the regulatory role of miR-326 on MDR through the modulation of Smo, which is consistent with the results of Tang et al's study on the multiple myeloma patients. 29 However, negative response to chemotherapy in MDR patients with a lack of Smo proteins may have been caused by the interference of other molecular mechanisms contributing to drug resistance. 30 Despite the fact that there have already been several studies regarding miR-326 and its functional importance in the Hh pathway, little is known about its interaction with this pathway in childhood B-ALL and MDR. A recent study demonstrated that miR-326 could target the Smo oncogene to inhibit the biological behaviors and stemness in glioma cells. 31 Others have found that it suppresses the activity of the Hh pathway, which in turn may influence drug resistance. 32 In the present study, for the first time, we emphasized the role of miR-326 in the MDR of B-ALL children through regulating the expression of Smo, the key player in the Hh signaling pathway. This assertion was supported by a Spearman's correlation coefficient data analysis demonstrating a significant inverse correlation between miR-326 and Smo expression levels (r=−0.624, P=0.002). These findings are in line with the results of another study by Yin et al, in which Smo was verified as a direct target of miR-326 through bioinformatics and functional experiments. 32 According to our data, miR-326 can be suggested as a potential candidate for targeted therapy, contributing to improved treatment outcome in drug-resistant B-ALL children. The pertinent point to note is that miR-326, like other miRNAs, may target a number of genes. Whether these other targets are involved in the regulation of drug resistance in B-ALL is a question that requires further delineation.
Several studies have described the probable mechanisms involved in drug resistance, in which the Hh signaling pathway plays an indispensable role. Furthermore, this pathway can contribute to MDR via different ways. 16, 33, 34 According to an in vivo study performed on gastric cancer, the overexpression of ABCG2 can cause drug resistance in mouse models as a direct target of the Hh signaling pathway. 35 However, our previous study on this ABC transporter showed no significant upregulation in ALL patients. 36 On the other hand, taking into account the role of the Hedgehog pathway in the regulation of the stemness-related genes, including Oct 4, Sox 2, Bmi 1, and Nanog, oncogenic activation of the Hh pathway in patients can undoubtedly lead to cancer stem cell survival. 10, 37, 38 As a consequence, considering the great ability of these cells to express drug resistance-related genes, such as ABC transporters, these cells can remain even after chemotherapy. 39, 40 Excitingly, our previous study exhibited a positive correlation between ABCA2/ ABCA3 transporters and drug resistance in childhood ALL. 4 Consequently, a statistical analysis was carried out in order to assess any possible association between the mRNA expression profiles of Smo and the abovementioned drug pumps. Data revealed no impact on ABCA2, while a significant positive correlation was observed between the Smo and ABCA3 transcripts in the resistant ALL children (r=0.607, P=0.016). A schematically possible regulatory axis is suggested to exist in pediatric ALL leukemic cells among miR-326, Smo and the ABCA3 transporter, which may contribute to drug resistance ( Figure 6 ). Moreover, the correlation between miR-326 and ABCA2, that was previously shown by our group (r= −0.458 and P=0.01), is also demonstrated to complete this proposed contribution. 5 Further experiments are required to validate the direct interactions between the indicated molecules.
In brief, this study provides evidence, for the first time 
Conclusion
In pediatric ALL, further reinforcement of the current chemotherapy regimens is unlikely to improve cure rate, due to the accompanying increased toxicity. Therefore, novel anti-ALL agents are needed to overcome chemotherapy resistance and reduce non-specific toxicity. Importantly, in this study we elucidated, for the first time, that upregulation of Smo was involved in resistance to the chemotherapeutic drugs in childhood B-ALL. A positive correlation between Smo and ABCA3 expression levels was also found in pediatric B-ALL samples, explaining a possible mechanism for the development of drug resistance in this cancer. This study provides new evidence about the role of Smo in pediatric B-ALL and development of MDR and suggests a potential relationship between the Hh signaling pathway and leukemia relapse.
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